The rat uterus responds to acute estrogen treatment with a series of well-characterized physiological responses; however, the gene expression changes required to elicit these responses have not been fully characterized. In order to understand early events induced by estrogen exposure in vivo, we evaluated the temporal gene expression in the uterus of the immature rat after a single dose of 17a-ethinyl estradiol (EE) by microarray analysis, evaluating the expression of 15,923 genes. Immature 20-day-old rats were exposed to a single dose of EE (10 mg/kg), and the effects on uterine histology, weight, and gene expression were determined after 1, 2, 8, 24, 48, 72, and 96 h. EE induced changes in the expression of 3867 genes, at least at one time point ( p 0.0001), and at least 1.5-fold (up-or downregulated). Specifically, the expression of 8, 116, 3030, 2076, 381, 445, and 125 genes was modified at 1, 2, 8, 24, 48, 72, or 96 h after exposure to EE, respectively ( p 0.0001, t-test). At the tissue and organ level, a clear uterotrophic response was elicited by EE after only 8 h, reaching a maximum after 24 h and remaining detectable even after 96 h of exposure. The uterine phenotypic changes were induced by sequential changes in the transcriptional status of a large number of genes, in a program that involves multiple molecular pathways. Using the Gene Ontology to better understand the temporal response to estrogen exposure, we determined that the earliest changes were in the expression of genes whose products are involved in transcriptional regulation and signal transduction, followed by genes implicated in protein synthesis, energy utilization, solute transport, cell proliferation and differentiation, tissue remodeling, and immunological responses among other pathways. The compendium of genes here presented represents a comprehensive compilation of estrogenresponsive genes involved in the uterotrophic response.
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Immediately before ovulation serum estrogen levels rise rapidly, and in response to this surge the uterus exhibits wellcharacterized physiological and biochemical responses (Clark and Mani, 1994) . Among the morphological and physiological changes induced in the uterus after the estrogen surge, it has been established that there is an increase in water imbibition in the uterine endometrium as a result of hyperemia and vasodilation of uterine capillaries. This process leads to swelling of the uterus with a consequent significant decompaction of stromal cells. This water then moves from the epithelium into the lumen, leading to a decrease in viscosity of uterine luminal fluid and an increase in uterine wet weight. The secretory capacity of the uterus is highly increased by estrogen stimulation, mainly due to the development of the epithelial layer into columnar secretory epithelial cells, and subsequent mitosis, principally in the epithelial layer. At the same time, there is an increase in the vascularization of the uterus, which increases the amount of blood in this organ (hyperemia), accompanied by infiltration of immune system cells such as macrophages and eosinophils. This event mimics an acute inflammatory response. There is also an increase in the number and size of specific cell types (hypertrophy and hyperplasia), which also contributes to the large increase in uterine weight that can be detected between the 16 and 30 h after estrogen stimulation (''classical'' uterotrophic response) .
Given the importance of estrogen in the physiology of multiple tissues during development and adulthood, one of the highest priorities in research in this field is to better understand the molecular mechanism of estrogen action. There is also concern about exposure to chemicals with possible endocrine activity that could affect estrogen action. The predominant biological effects of estrogens are mediated through at least two distinct intracellular receptors: estrogen receptor (ER) alpha and ER-beta (Klinge, 2001; Nilsson et al., 2001) , which are members of the nuclear receptor superfamily of liganddependent transcription factors. Both types of ERs are physiologically important, and they have distinct and nonoverlapping functions in different tissues and organs of the body (Britt and Findlay, 2002; Curtis and Korach, 2000) . The ERs function as ligand-activated transcription factors which in combination with multiple regulatory proteins are able to modulate the expression of 1 To whom correspondence should be addressed at The Procter and Gamble Company, Miami Valley Innovation Center, PO Box 538707 #805, Cincinnati, 627-0323. E-mail: naciff.jm@pg.com. specific genes, by activation or repression. It is believed that through this mechanism, estrogens are able to regulate the expression of genes whose products are involved in development, differentiation of specific cellular types, reproduction, and other functions.
Since regulation of gene expression is integral to the signal transduction pathway for estrogens, global analysis of the gene expression changes in estrogen-sensitive tissues offers the opportunity to understand the underlying molecular effects that lead to physiological and pathophysiological responses after exposure to active levels of estrogens. Although multiple estrogen-regulated genes have been identified thus far (see, e.g., Daston and Naciff, 2005; Klinge, 2001; Kwekel et al., 2005; Moggs et al., 2004; Naciff et al., 2002 Naciff et al., , 2003 Naciff et al., , 2005 Waters et al., 2001 ) the number and identity of the gene expression changes induced by estrogens are still limited. In particular, our understanding of the temporal characteristics of those gene expression changes is still fragmented (Currie et al., 2005; Moggs et al., 2004; Moggs 2005; Kwekel et al., 2005) .
In order to better understand the temporal relationship between the changes in gene expression and the phenotypic changes induced by estrogen exposure, we have expanded our initial analysis of the estrogen response in the immature rat uterus by identifying the temporal gene expression profile induced by a single dose of 17a-ethinyl estradiol (EE), 10 lg/kg, in the rat uterus (from postnatal day [PND] 20 to day 24). We chose the prepubertal rat since at this developmental stage the concentration of 17b-estradiol, the endogenous hormone, is consistently low (Noda et al., 2002) , but exposure to estrogens during the prepubertal period can induce an uterotrophic response. The morphological and physiological changes that comprise the uterotrophic response can be used to phenotypically anchor the gene expression changes induced by estrogen exposure. Our approach will help to better understand the quantitative relationships between changes in gene expression and manifestations of estrogenicity and will assist to generate a mechanistic understanding of the mode of action of chemicals with estrogenic activity. At the same time, this information will be valuable to refine the molecular signature for chemicals with estrogenic activity that we have identified in previous studies (Naciff et al., 2003 (Naciff et al., , 2004 . It will also help to generate a robust transcript profile to be used as the basis for screening chemicals for estrogenicity, either in vivo as a refinement to current tests or in vitro, using human-derived cell lines which genomic response to estrogen exposure shares similarities to the in vivo response.
MATERIALS AND METHODS

Chemicals. EE and peanut oil were obtained from Sigma Chemical Company (St Louis, MO).
Animals and treatments. Fifteen-day-old female Sprague Dawley rats were obtained (Charles River VAF/Plus) in groups of 10 pups per surrogate mother. This rat strain was chosen in order to be consistent with previous gene expression studies conducted in our laboratory. The rats were acclimated to the local vivarium conditions (24°C; 12-h light/12-h dark cycle) for 5 days. Starting on PND 20 all rats were singly housed in 20 3 32 3 20 cm plastic cages. The animals were fed a casein-based diet, essentially phytoestrogen free (Purina 5K96; Purina Mills, St. Louis, MO) from PND 16 onward, to override any possible effects of the standard rodent diet (Purina 5001) used by the animal supplier. The casein-based diet consistently contains less than 1 ppm aglycone equivalents of genistein, daidzein, and glycitein (Purina Mills). The experimental protocol was carried out according to Procter and Gamble's approved animal care protocols, and animals were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
On PND 20, the animals were randomly assigned to 14 groups of 10 animals each (seven control and seven EE-treated groups, respectively) and dosed once by sc injection, with 0 or 10.0 lg EE/kg in peanut oil. Animals received 5 ml/kg body weight of dose solution. The dose was administered to each animal in a staggered fashion, within the group and between groups, to ensure that the time of exposure was within 5% of the reported exposure length. Body weights (nearest 1.0 g) were recorded daily and before sacrifice. The animals were sacrificed by CO 2 asphyxiation at 1, 2, 8, 24, 48, 72, or 96 h after dosing. The body of the uterus was cut just above its junction with the cervix and leaving the ovaries attached to it, carefully dissected free of adhering fat and mesentery, and weighed as a whole. Then the ovaries were dissected free, and the uterine and ovarian wet weight were recorded. The individual uteri were then placed into RNAlater (50-100 mg/ml of solution; Ambion, Austin, TX), at room temperature.
Histology. Reproductive tissues from two animals in each dose and time group were fixed in 10% neutral buffered formalin immediately after weighing, dehydrated, and embedded in paraffin. Serial 4-to 5-lm cross-sections were made through equivalent regions on the oviducts and uterine horns and stained with hematoxylin and eosin. To evaluate the morphological changes induced by EE exposure in the uterus, we focused on the proliferative state of the endometrial stroma and luminal epithelium along the uterine horns. Tissue sections from the mid-region of each uterine horn were evaluated for epithelial cell height in five different areas of the epithelium lining the lumen, using a light microscope (Zeiss Axioplan) interfaced with an AxioCam MRc5 highresolution digital camera (Carl Zeiss Vision GmbH, München-Hallbergmoos, Germany).
reverse transcriptase-polymerase chain reaction (QRT-PCR) approach, as described (Naciff et al., 2003) . Table 1 , in supplementary data, shows the nucleotide sequences for the primers used to test the indicated gene products. Preliminary experiments were done with each primer pair to determine the overall quality and specificity of the primer design. To confirm the amplification specificity from each primer pair, the amplified PCR products were size fractioned by electrophoresis in a 4% agarose gel in Tris borate ethylene diamine tetracetic acid buffer and photographed after staining with ethidium bromide. After QRT-PCR, only the expected products, at the correct molecular weight, were observed.
Data analysis. Potential interindividual variability was addressed by using independent samples of each dose group (n ¼ 10 or 5 for uterine weight or transcript profile, respectively) for analysis. For the uterine weight determination, we evaluated 10 animals per dose group (Fig. 1) . For gene expression analysis, scanned output files of Affymetrix microarrays were visually inspected for hybridization artifacts and then analyzed using Affymetrix Microarray Suite (version 5.0) and Data Mining Tool (version 3.0) software, as described (Lockhart et al., 1996 ; http://www.affymetrix.com/index.affx). Arrays were scaled to an average intensity of 1500 units and analyzed independently. The Affymetrix GeneChip Rat Expression 230A microarrays used in this study have 15,923 probe sets corresponding mostly to well-annotated rat genes, although it has some expressed sequence tags (ESTs). For a full description of the Rat 230A array content see http://www.affymetrix.com/ products/arrays/specific/rat230.affx. Each gene or EST is represented by 11 pairs of 25-mer oligonucleotides that span the coding region. Each probe pair consists of a perfect match sequence that is complementary to the cRNA target and a sequence that is mismatched by a single base change at the middle of the nucleotide, a region critical for target hybridization. The mismatched oligonucleotide serves as a control for nonspecific hybridization. For the entire analysis, each probe set was analyzed as an individual entity, based upon its Affymetrix ID number, regardless of the multiplicity of probe sets representing any given gene product, and considered as representing an individual gene until the completion of the analysis. Distinct algorithms made an absolute call, present/marginal/absent, for each transcript, and calculated the average difference between perfect match and mismatch probe pairs (signal value). The mathematical definitions for each algorithm are described in the Affymetrix Microarray Suite User's Guide, version 5.0.
The gene expression values derived from The Microarray Analysis Suite (MAS 5.0; Affymetrix Inc.), hereafter termed signal, were evaluated for quality based upon both overall measures of the microarray quality and simple outlier detection methods. Four microarrays, one 2-h control, one 2-h treated, and two 24-h treated, were consistently flagged as outliers in a simple outlier detection analysis. These analyses led to the removal of these four samples (microarrays) from analyses for treatment effect.
The samples (microarrays) that were retained from the QC analysis were then analyzed for treatment and time effects using a linear model for the log signal value that is a function of both treatment and time, where time is treated as a nominal factor. For each probe set (gene) separately, treatment effect was assessed by comparing the model that estimates signal uniquely for each combination of time and treatment to the model that estimates signal for each time, but with no allowance for any treatment effect. This approach makes no assumptions about the functional form of the time course of response, which is unlikely to be of a uniform magnitude for all time points. For the purposes of summarization, follow-up analyses that evaluate treatment effect at each time point were also conducted. An analysis of the effect of time was also conducted on control samples only, using a standard single-factor analysis of variance (ANOVA) on the log signal response. In this case, each set of control samples from each time point were compared to the control samples of the 1-h group. Probe sets (genes) for which any of the tests had p 0.0001 was taken as evidence that the expression of these probe sets (genes) was modified by EE treatment at the time being tested. This procedure was done for each time point versus control, and for the full group of study results (vehicle vs. EE treated, at all time points). Fold-change summary values for genes were calculated as a signed ratio of mean signal values (for each time point group compared with the appropriate control). Because fold-change values can become artificially large or undefined when mean signal values approach zero, all the values < 100 were made equal to 100 before calculating the mean signal values that are used in the fold-change calculation. Note that all statistical analyses use the measured signal values, even if they were smaller than 100 units. After selecting all the significant probe sets, for any given time being evaluated, for vehicle control and EE-treated samples, we remove redundant probe sets representing the same gene product, leaving only one probe set (with the most significant p value) per gene listed for each group.
FIG. 1.
Temporal response to a single dose of EE on the body (A), uterine (B), and ovarian (C) weight of the prepubertal rat. The immature female rats on PND 20 were treated with a single injection (sc) of EE (treated) or vehicle control (peanut oil). After 1, 2, 8, 24, 48, 72, or 96 h of dosing, the uteri and ovaries were removed, separately, and weighed. The body weight of each animal was used to derive the relative tissue weight. The data represent the mean ± SD.*p < 0.01, t-test, n ¼ 10 for all groups. 
RESULTS
In order to identify the gene expression changes associated with the histological response of the uterus, juvenile female rats (20 days of age), 10 per time point, were given a single sc injection of EE (10 lg/kg) or vehicle control (peanut oil). The temporal uterotrophic response as well as the gene expression pattern elicited in the uterus were evaluated 1, 2, 8, 24, 48, 72 , and 96 h after dosing.
Histological Changes Induced by a Single Dose of EE
The time course of the uterine weight change after EE exposure is shown in Figure 1A . As can be seen, a clear uterotrophic response is elicited by 10 lg EE/kg 8 h after treatment and is maximal at 24 h. The increase in uterine weight is significant even after 96 h of exposure. The increase in uterine weight is not accompanied by significant changes in the body or ovarian weights (Figs. 1B and C, respectively) .
The histological changes induced by EE exposure are shown in Figure 2 , in supplementary data, and are concordant with the gravimetric data. The uterine weight increase observed at 8 h is associated with thickening of the stromal endometrium (Fig. 2 , at 8 h, in supplementary data), which is believed to result from a modest uptake of fluid (water imbibition). The largest increase in uterine weight at 24 h (Fig. 2, in supplementary data) is the result of hypertrophy and hyperplasia (Anderson et al., 1974) as well as accumulation of fluid in the lumen. Hypertrophy and hyperplasia are particularly evident in the uterine luminal epithelium. In control animals the uterine epithelium consists of two to three layers of cuboidal cells (Fig. 2 , controls, in supplementary data). After EE treatment, these cells change from cuboidal-to cylindrical-shaped, vacuolated cells (Fig. 2 , EE at 8-96 h, in supplementary data). The thickness of the luminal epithelium increases to six to eight layers of cells, and the luminal epithelial cell height is increased significantly (p 0.001) compared with vehicletreated controls. Hypertrophy of stromal and myometrial cells, thickening of the stromal layer, and some stromal inflammatory reaction are evident between 24 and 48 h and can still be seen after 96 h after treatment (Fig. 2, in supplementary data) . After 72 and 96 h of EE exposure, apoptotic cell bodies are detectable in the stroma and glandular and luminal epithelia, consistent with the decrease of the uterine weight.
Temporal Gene Expression Changes Induced by EE
A single dose of EE induced statistically significant changes in the expression of 3837 genes of the uterus, at least at one time point (p 0.0001 and 1.5-fold change as compared to the appropriate control, up-or downregulated). Although there are quantifiable gene expression changes at each time point evaluated, the largest number of genes being affected by EE occurs 8 h after treatment. Of the 15,923 rat annotated genes and ESTs evaluated, the expression of 8, 116, 3030, 2076, 381, 445 , and 125 genes is modified after 1, 2, 8, 24, 48, 72 , or 96 h of exposure to 10 lg/kg EE, respectively (p 0.0001, t-test, and 1.5-fold change as compared to the appropriate control, up-or downregulated).
The temporal transcriptional response of the affected genes is shown in an Eisen diagram (Fig. 3, in supplementary data) , in which the relative expression levels of the 3837 probe sets showing the most robust response are compared at the different times of EE exposure. The genes are ordered by similarity of temporal expression through a ''dendrogram'' diagram. Each cell of the data table is represented as a color-coded rectangle in which the color indicates the relative expression value (normalized fold change) of unaffected (white), upregulated (red), or downregulated (blue) genes.
The temporal expression pattern suggests that the uterine response to EE involves changes in the transcriptional status of genes that could be classified as immediate-early (before the first 8 h of EE exposure), immediate-late (between 8 and 24 h of EE exposure), late (after 24 h of EE exposure), and sustained responsive genes. As an example of the specificity that EE exerts on the expression of individual genes, the temporal response to EE exposure of eight selected genes is shown in Figure 4 , in supplementary data. As can be appreciated in this figure, the biological variability, in the majority of the cases, is minimal. The relevance of the temporal analysis of the gene expression changes induced by activation of the ER pathway by a single dose of EE is clearly illustrated in the eight genes shown.
In order to help identify associations between the estrogenresponsive genes and specific biological processes affected by EE treatment, we used the Gene Ontology (GO) terms associated with these genes. The probe sets representing ESTs were not included for this analysis since there is no annotation associated to them. The GO (http://geneontology.org/) is a detailed description of molecular, cellular, and organismal biology that is organized into a data structure that links individual genes to biological function categories. In order to assign a unique GO term to individual probe sets identified as statistically showing expression changes induced by EE exposure, we mapped the probe sets selected from the statistical analysis of the data (p 0.0001, t-test) to their corresponding annotations in the GO using the three major branches of the GO: biological process, cellular component, and molecular function. Redundancies due to multiple probe sets representing the same gene were eliminated for this analysis. The probe set selected showed the most statistically robust response. Each gene was assigned to all possible biologically descriptive GO terms and processed to identify clusters of genes representing unique GO terms. The clusters in the ontology were identified using the algorithm of Joslyn et al. (2004) in combination with Fisher's exact test (Beissbarth and Speed, 2004) to estimate the statistical significance of the mapping. This analysis indicated that EE elicits changes in the expression of genes associated with 100 unique GO biological processes, 14 unique GO molecular functions, and 24 unique GO cellular components. The clusters associated with the unique GO biological process are shown in Table 2 (in supplementary data). The GO annotation of some of the genes affected by EE treatment indicates biological processes that at first glance may seem irrelevant to describe the uterotrophic response, e.g., development, morphogenesis, and organogenesis. However, these are parent GO terms that encompass multiple biological processes, some of which are relevant to understand the underlying mechanism of action of estrogens in the uterus. For example, the GO term development encompasses cell growth and angiogenesis, among others. Further, the GO terms listed on the table also indicate that genes linked to these terms must encode products for which functions are linked to the uterine response to estrogen but which have not yet been characterized.
The GO molecular functions affected by EE exposure are the following: threonine endopeptidase activity, ligase activity, forming phosphoric ester bonds, signal transducer activity, receptor activity, major histocompatibility complex class II receptor activity, DNA binding, transcription factor activity, translation initiation factor activity, protein binding, tubulin binding, calcium ion binding, cyclin-dependent protein kinase regulator activity, and transcription regulator activity. The majority of the products encoded by the genes whose expression is regulated by estrogen are associated with intracellular components. However, a significant number of these products are also associated with membranes or with components of the extracellular space.
Further, the genes identified as EE responsive at the different times were also mapped against a set of 141 canonical pathway maps from the Kyoto Encyclopedia of Genes and Genomes (KEGG). Most of these pathways represent small-molecule metabolism, and a few describe portions of signal transduction and/or gene regulation networks (http://www.genome.jp/kegg/). From the metabolic pathways mapped, the ones that are significantly regulated by estrogen exposure include steroid and bile acid metabolism, fatty acid metabolism, glutathione metabolism, glycolysis/gluconeogenesis, oxidative phosphorylation, one-carbon pool metabolism, purine metabolism, terpenoid biosynthesis, and amino acid metabolism (Table 2 , in supplementary data). From the pathways representing signal transduction and/or gene regulation networks that were mapped, the ones that showed significant regulation by EE exposure include vascular endothelial growth factor (VEGF), canonical Wnt pathway (WNT), Janus kinase (JAK)/STAT, (signal transducer and activator of transcription), transforming growth factor (TGF-b), and mitogen-activated protein kinase (MAPK). The expression of the majority of genes that mapped to the indicated pathways was affected mostly between 8 and 48 h after EE exposure.
A list of selected genes (according to the highest fold change induced by treatment) whose expression was modified by EE at the indicated times, along with their accession number, gene symbol, and the average fold change induced by EE (average of five independent samples, calculated by comparing treatment vs. control), is shown in Tables 1-7 . In these tables, we have included the GO term from the biological process or the molecular function (when applicable), associated with each gene listed, in order to get a better insight of the potential functional implications for each individual gene affected by EE exposure.
Immediate-early genomic response. As indicated, the exposure to EE results in a rapid response of the uterus at the gene expression level. Within the first 2 h of exposure, EE modulates the expression of genes encoding members of multiple intraand intercellular signaling pathways, as well as transcriptional regulators (Tables 1 and 2 ). The immediate-early genes affected by EE exposure include those that encode growth factors (BMP2, BMP4, EGR1, EGR2, WNT4, VEGF, TMEPAI, OXT, NR4A2, and NR4A1), proteins involved with angiogenesis (RHOB, IGF1, VEGF, and VEGFA TNFRSF12A), signal transduction (AXIN2, RGS7, BTG2, CASP2, CDH11, CRY2, CXCR4, DAB2, EDG5, ENC1, FST, FZD1, FZD2, GPR85, GRPR, GUCY1B3, HPCAL1, IL15, IL1B, NMUR2, MT1A, MADH7, LITAF, KAZALD1, and RASD1), kinases (CKB, SPHK1, SNF1LK, SGK, PVR, PLK2, and PIM3), phosphatases (DUSP1, DUSP5, and SYNJ2), DNA processing (GADD45A, TOP1, and KPNA1), transcriptional regulators (CEBPB, CITED2, CITED4, DSCR1, ETS2, FOXP1, HOXA10, ICSBP1, IFRD1, IRF8, JUN, JUNB, NCOA1, TWIST2, TOB1, TLE3, TCF21, SOX4, SMAD7, SMARCA2, SESN1, PRRX2, PER2, NFIL3, MSX2, MAFK, MAF, KLF4), ion transporters (SLC31A2, SLC25A30, SLC16A1, KCNC3, and KCNA1), and metabolism (CNP1, CYP51, EEF2K, EIF4A1, ETF1, FKBP4, GOT1, IDI1, PECI, PDE5A, ODC1, OAZIN, NXN, NARS, MPG, MAT2A, LIAS, and LDHD). By far, the largest number of early EE-responsive genes encode proteins implicated in transcriptional regulation and signal transduction.
Immediate-late genomic response. The genomic response of the rat uterus 8-24 h after EE exposure is tremendously amplified as compared to the immediate-early or -late responses. The number of genes whose expression is affected by the ER agonist is maximal within the first 8 h of exposure (3620 genes affected, p 0.0001); however, a high level of response is maintained at 24 h (2445 genes affected, p 0.0001). A partial list of the immediate-late genes responding to EE is shown in Tables 3 and 4 (only the genes with the highest fold change induced by treatment are shown). The products of these genes are involved in multiple molecular pathways. Using the available GO annotation, we determined that 2278 genes (from both 8 and 24 h combined) can be associated with a particular molecular function. From these functions identified as being affected by EE exposure, those with the larger number of genes affected are as follows: signal transduction (238 and 168), receptor activity (139 and 96), transcription factors and transcriptional regulators (180 and 142), and translation (24 and 14; genes affected after 8 and 24 h of exposure, respectively). The number of immediate-late genes affected by EE exposure mapped to a particular molecular process is shown in Table 2 ÿ 1.3 ÿ 1.8 ÿ 3.0 ÿ 3.0 ÿ 1.7 ÿ 1.4 ÿ 1.1 RGD1560587 Protein amino acid phosphorylation NM_001013921 DTW domain containing 1 ÿ 1.0 ÿ 1.9 ÿ 3.0 ÿ 2.1 ÿ 1.2 ÿ 1.0 1.0 DTWD1 -XM_001056720 Tumor necrosis factor alpha-induced protein 8 (predicted) ÿ 1.5 ÿ 1.9 ÿ 3.2 ÿ 1.9 1.2 ÿ 1.0 ÿ 1.4 TNFAIP8 Antiapoptosis
NM_021266
Frizzled homolog 1 (Drosophila) ÿ 1.1 ÿ 1.9 ÿ 2.2 ÿ 1.7 1.0 1.1 1.1 FZD1 Epithelial cell differentiation; cell-cell signaling NM_147207
Ischemia-related factor vof-16 ÿ 1.5 ÿ 1.9 ÿ 4.2 ÿ 2.9 ÿ 1.1 1.2 ÿ 1.0 VOF16 -NM_001017453 Similar to HGFL protein ÿ 1.2 ÿ 2.0 ÿ 4.0 ÿ 2.5 1.1 1.9 1.5 RGD1311203 -XM_341639
Cadherin 11 ÿ 1.1 ÿ 2.0 ÿ 2.5 ÿ 2.3 ÿ 1.4 ÿ 1.1 1.0 CDH11 Cell-cell adhesion NM_001033693 Solute carrier family 31, member 2 ÿ 1.1 ÿ 2.0 ÿ 2.2 ÿ 1.9 period after EE exposure, there are also multiple genes affected, whose products encode proteins related to various aspects of metabolism, e.g., 334 genes are related to regulation of metabolism and 254 with cellular catabolism.
Late genomic response. After 48 h of EE exposure, the expression of 620 genes is modified in a statistically significant manner, while after 72 h the expression of 724 genes was affected. After 96 h of EE exposure, the genomic response of the immature uterus is still very robust, and the expression of 176 genes remains affected. A partial list of the EE lateresponsive genes is shown in Tables 5-7. These genes encode proteins implicated in multiple cellular processes (Table 2 , in supplementary data). However, there is some enrichment in genes involved in cell growth and cell differentiation (53 genes), mitosis and cell division (216), tissue regeneration (14 genes), cholesterol, lipid, sterol, and steroid biosynthesis (169 genes), and various modalities of metabolism (212 genes), as well as DNA replication (66 genes), immune response (103 genes), complement activation (26 genes), and regulation of endocytosis and phagocytosis (16 genes).
The analysis of the effect of time on gene expression was also conducted, using a standard single-factor ANOVA on the log signal response of the control samples only. In this case, each set of control samples from each time point were compared to the control samples of the 1-h group. From this analysis we identified that the expression of 47 genes was modified at different times of sampling. However, with the exception of the sulfotransferase (SULT1A1) gene, none of the other 46 genes were associated with the estrogenic response. The expression of SULT1A1 is downregulated by time, reaching a maximum downregulation at 96 h (with a ÿ 2.3-fold change compared with the response at 1 h). However, EE promoted the downregulation of SULT1A1 at lower levels and at earlier times (Table 3 ), e.g., at 8 h the expression of SULT1A1 is downregulated by ÿ 5.3-fold compared to its own 8-h control.
Quantitative reverse transcriptase-polymerase chain reaction. The reliability of the microarray data was independently corroborated by QRT-PCR analysis of selected genes in samples from the same batch of RNA, from each sample, used for microarray analysis. The relative expression level of complement component 3 (C3), intestinal calcium-binding protein or calbindin 3 or S100 calcium-binding protein G (S100G), progesterone receptor (PGR), 11-beta-hydroxylsteroid dehydrogenase type 2 (HSD11B2), F-box and leucine-rich repeat protein 20 (FBXL20), 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS2), interleukin 4 receptor (IL4R), matrix metallopeptidase 7 (MMP7), and metallothionein 3 (MT3) was evaluated by QRT-PCR. The relative expression level of C3, S100G, PGR, HSD11B2, FBXL20, MMP7, and MT3 mRNAs was similar as that determined by microarray analysis (Table  10 , in supplementary data). The expression values of C3 and MMP7, both highly induced by EE, were higher as measured by QRT-PCR mostly due to the optimization of this approach for each individual gene and the abundance of the corresponding mRNA. No significant change in the expression levels of a housekeeping gene, peptidylprolyl isomerase B (cyclophilin B, PPIB), was identified by QRT-PCR or microarray analysis.
DISCUSSION
The uterine response to an estrogen requires changes in the expression level of genes whose products regulate successive and functionally interlinked cellular processes that culminate in an uterotrophic response. Those genes can be classified as immediate-early, immediate-late, late, and sustained responsive genes. The temporal transcript profile induced by EE here described is concordant with, and expands, those reported for the uterotrophic response of immature, ovariectomized mice after exposure to EE (Fertuck et al., 2003) or of immature intact mice after exposure to 17b-estradiol (Hewitt et al., 2003; Moggs et al., 2004) . Data from this study agree with the genomic response determined at a single time point and multiple estrogen doses in the rat and mouse (Kwekel et al., 2005; Naciff et al., 2003 Naciff et al., , 2005 . In addition, our data also concur with data from other studies, where the expression of a limited number of genes was evaluated by microarray analysis after estrogen exposure (Green et al., 2001; Hong et al., 2004; Watanabe et al., 2002; Wu et al., 2003) , or with studies where the expression of individual genes has been evaluated (see, e.g., Daston and Naciff, 2005) . The temporal expression pattern of well-established estrogen-responsive genes, such as complement C3, progesterone receptor, matrix metalloproteinase 7, calbindin 3 or S100 calcium-binding protein G (S100G), creatine kinase b, arginosuccinate synthetase, transferrin, insulinlike growth factor (IGF)-binding protein 3, bone morphogenetic protein 2, scavenger receptor class B, member 1, carbonic anhydrase 11, growth-associated protein 43 and glutathione Stransferase, and mu 2, among others, was clearly identified in our study and further supports the reliability of our approach. The earliest changes observed after EE treatment were in the expression of genes whose products are involved in transcriptional regulation and signal transduction, followed by the expression of genes implicated in mRNA and protein synthesis, cell cycle regulation, DNA replication, cell proliferation and differentiation, apoptosis, tissue remodeling, and immunological responses. The compendium of genes presented gives an exceptional level of detail of the molecular events that first elicit and at the same time limit the extent of the uterine response to estrogen exposure. This information will be useful to better define the estrogen mechanism of action, as well as to refine a gene expression-based assay to screen chemicals for estrogenic activity.
Early responses of the mammalian uterus to estrogen exposure include an increase in the vascularization of the uterus, which increases the amount of blood in this organ (hyperemia), and it is accompanied by infiltration of immune system cells such as macrophages and eosinophils into the uterine tissue, increased calcium influx, histamine release, increased RNA and protein precursor uptake, and enhanced metabolic capabilities, including an increase in the glucose oxidation capabilities a well as increased RNA and protein synthesis (Batra, 1987; Catelli and Baulieu, 1976; Clark and Mani, 1994; Cocchiara et al., 1992; Muller and Knowler, 1984; Yamada and Nagata, 1993) . The early uterine genomic responses that we have identified denote some of the molecular precursors of these events. For example, the expression of VEGF is rapidly (between 2 and 8 h) increased by EE (at 8 h it is 1.8-fold), while the expression of the C-terminal-truncated VEGF receptor-2FLK-1 (KDR or FLK-1/KDR) is also induced 8 h after EE exposure (1.7-fold). The induction of VEGF expression by estrogen in many target cells, including epithelial cells, fibroblasts, and smooth muscle cells, and a role for this hormone in the modulation of angiogenesis and vascular permeability have been established (reviewed by Koos et al., 2005) . VEGF induces angiogenesis by stimulating endothelial cell proliferation and migration, primarily through the activation of its receptor tyrosine kinase (FLK-1/KDR). Recently, Herve et al. (2006) reported data that suggest that estrogen upregulates FLK-1/KDR expression in endothelial cells mainly through the modulation of VEGF by a paracrine mechanism. It is also known that reactive oxygen species derived from NAD(P)H oxidase are critically important in many aspects of vascular cell regulation. Both the small GTPase RAC1 and endothelial-type gp91-phox gene (CYBB) are critical components of the endothelial NAD(P)H oxidase complex. The expression of the genes encoding these two components was increased by EE. The expression of the EST-BI285447 was induced by EE after 8 h, and it peaks at 24 h (with a 2.8-fold increase). Its sequence is similar to the angiopoietin 1 (ANGPT1) gene, which encodes a peptide with a potentially unique role among the vascular growth factors by acting to enlarge blood vessels without inducing sprouting (Thurston et al., 2005) . Another gene for which expression was stimulated within the first 2-8 h of EE exposure is cysteine-rich protein 61 (CYR61), a known estrogen-responsive gene (Hewitt et al., 2003) . CYR61 can promote endothelial cell growth, migration, adhesion, and survival in vitro, and it has been proposed that it acts as a regulator of angiogenesis and endothelial cell function by regulating the production and/or activity of other angiogenic molecules (e.g., bFGF [basic fibroblast growth factor] and VEGF) as well molecules that affect the integrity or stability of the extracellular matrix (e.g., collagen, matrix metalloproteases, and their tissue inhibitors) (Brigstock, 2002) . Thus, the increased expression of VGEF, its receptor FLK-1/KDR, EST-BI285447 (angiopoietin 1), and NM_138828 Apolipoprotein E 1.1 ÿ 1.0 ÿ 1.4 ÿ 3.5 ÿ 2.0 1.1 1.4 APOE Induction of apoptosis; response to oxidative stress NM_031672 Solute carrier family 15 (Hþ/peptide transporter), member 2 ÿ 1.1 ÿ 1.4 ÿ 3.1 ÿ 3.4 ÿ 2.1 ÿ 2.0 ÿ 1.2 SLC15A2 Oligopeptide transport; transport NM_013128 Carboxypeptidase E 1.1 ÿ 1.2 ÿ 2.2 ÿ 4.9 ÿ 2.1 2.0 1.9 CPE Peptide hormone processing; neuropeptide-signaling pathway NM_053754 ATP-binding cassette, subfamily G (WHITE), member 5
1.2 ÿ 1.3 ÿ 1.5 ÿ 2.7 ÿ 2.1 ÿ 1.1 1.1 ABCG5 Sterol transport; regulation of cholesterol absorption NM_012779 Aquaporin 5 1.1 ÿ 1.0 ÿ 3.6 ÿ 4.1 ÿ 2.2 ÿ 1.8 ÿ 1 CYR61, among other gene expression changes induced by EE in the uterus may contribute to the hyperemia and increased vascularity produced by estrogens in this target tissue. Furthermore, it is known that nitric oxide (NO) and prostacyclin (PGI 2 ) production by endothelial cells changes in response to extracellular ligands such as bFGF, epidermal growth factor (EGF), VEGF, ATP, and estrogen. These ligands elicit a rise in intracellular calcium and/or activate kinases that in turn activate endothelial NO synthase (eNOS) and cytosolic phospholipase A2 (cPLA 2 ). In blood vessels, eNOS produces NO which acts as a potent vasodilator and platelet aggregation inhibitor. Exposure to EE promoted the expression of endothelial nitric oxide synthase 3 (NOS3 or eNOS), but only within the first 8 h, then is downregulated between 24 and 48 h to finally return to basal levels after 72 h. It has been observed that estrogen treatment in vivo stimulates cGMP accumulation in the rat uterus, and it has been established that chronic estrogen treatment in prepubertal and/or ovariectomized models increases nitric oxide (NO) production (Buhimschi et al., 2000) . However, in our experiments, we determined that the expression of guanylate cyclase 1, soluble, alpha 3 (GUCY1A3) is rapidly decreased after EE exposure, reaching maximal downregulation after 8 h and returning to control levels after 72 h. Very similar effects have been determined in the uterus of the immature rat after exposure to estradiol (Krumenacker et al., 2001) . Many of the NO-dependent cell-signaling events that regulate important physiological processes are mediated through activation of GUCY1A3. After production, NO can diffuse freely and bind to GUCY1A3, enhancing the production of cGMP and subsequently stimulating cGMP targets, such as cGMP-dependent protein kinases, cyclic nucleotide phosphodiesterases, and ion channels. Thus, the decreased expression of GUCY1A3 induced by EE ensures that the NO-cGMP cascade is not overamplified. Our data suggest that the increase in cGMP is not the result of increased expression of the enzyme responsible for its synthesis, but rather by the decrease in the level of expression of cGMP-specific phosphodiesterases. EE induced the early (between the first 2-8 h of exposure) downregulation of the gene encoding the cGMP phosphodiesterase delta subunit, the cGMP-specific phosphodiesterase 5A (PDE5A), which was mildly induced after 2 h of EE exposure but by 8 h is downregulated and remained so until after 48 h. EE also promoted the expression of the natriuretic peptide receptor 2 (NPR2), the primary receptor for C-type natriuretic peptide (CNP), which upon ligand binding exhibits greatly increased guanylyl cyclase activity (reviewed by Schulz, 2005) . The NO-cGMP cascade is also regulated by EE through the increased expression of argininosuccinate synthetase (ASS1), which has a role in preventing autotoxicity from nitric oxide overproduction (Hao et al., 2004) . The hyperemia and increased fluid retention in the uterus are associated with changes in ion transport (Clemetson et al., 1977) . We determined that within the first hours of EE treatment the expression of the genes encoding the ATPase, Na þ /K þ transporting, alpha 1 polypeptide (ATP1A1); ATPase, Ca 2þ transporting, cardiac muscle, slow twitch 2 (ATP2A2); voltagedependent anion channel 1 (VDAC1); calcium channel, voltagedependent, T-type, alpha 1G subunit (CACNA1G); solute carrier organic anion transporter family, member 2a1(SLCO2A1); and aquaporin 1 and 8 (AQP1 and AQP8) is increased, reaching a maximum at 8 h. The expression of potassium inwardly rectifying channel, subfamily J, member 8 (KCNJ8); solute carrier family 22 (organic cation transporter), member 17 (SLC22A17); ATPase, Ca 2þ transporting, plasma membrane 1 and 2 (ATP2B1 and 2); ATP-binding cassette, subfamily C (CFTR/MRP); member 9 (ABCC9); sodium channel, voltagegated, type 6, alpha polypeptide (SCN6A); solute carrier organic anion transporter family, member 2b1 (SLCO2B1); solute carrier family 8 (sodium/calcium exchanger); member 1 (SLC8A1), FXYD domain-containing ion transport regulator 1, 3, 4, 6, and 7 (FXYD1, 3, 4, 6 , and 7); solute carrier family 21 (organic anion transporter), member 5 (SLC21A5); and aquaporin 5 (AQP5) was downregulated by EE exposure.
The increase in protein synthesis observed at 8-24 h after EE exposure is associated with a number of genes. For example, EE induced changes at the 8-h time point in the expression of 24 genes which encode proteins with translation initiation factor activity (EIF2S1, EIF4E, EIF5, EIF-5A, EIF3 P66, EIF3 P36, EIF3 P110, EIF3S6, EIF4G1, etc.) and 50 genes whose products are associated with protein translation in general (CCT3, FKBP1A, FKBP4, KPNB1, KPNB3, KPNA2, IPO13, TCEB1, TCEB2, TGIF, EEF1E1, EEF1B2, EEF2K, ETF1, RRBP1, RRBP1, RAMP4, etc.). EE also induced changes in the expression of 102 genes whose encoded products are associated with the endoplasmic reticulum (e.g., HSPA5, RPN1 AND 2, CANX, SSR3, RCN, CALR, RTN1, LMAN1, PLOD, AARS, GARS, NARS, SARS1, WARS2, etc.). This cluster of genes associated with the endoplasmic reticulum is also particularly enriched after 24 h of EE exposure, with 99 genes identified at this time. The associated annotation with these genes indicates that their products participate in the assembly of the general transcription machinery, the ribosome, or act at transcription initiation, elongation, and termination; protein folding; protein maturation; and protein nuclear import and export. The effect of EE on most of these genes is upregulation. Concurrent with these gene expression changes, EE induces the expression of genes encoding components of the ubiquitin-proteosome proteolytic pathway, such as CDC34, NEDD8, PSMA2, 3, 5, 6 AND 7, PSMB1, 2, 3, 4, 5, 6, 8 and 9, UCHL3, UBE2D3, UFD1L, and USP10, among others. Clearly, the uterine genomic response to estrogen stimulation ensures that the timely and irreversible degradation of critical regulators, essential for normal cellular function, occurs at the appropriate time by sequential regulation of the expression of the various components of this ubiquitin-proteosome proteolytic pathway.
The infiltration of the uterine tissue by immune cells, particularly the presence of eosinophils in the endometrium and stroma of rodents during the estrous cycle or after estrogen administration to ovariectomized animals is well documented, and it has been equated to an inflammatory response (Koshi et al., 2005) . An example of the close correlation between the histological changes and gene expression changes induced by EE exposure is the recruiting of eosinophils to the uterine epithelia and the stroma as part of the edematous response observed at 8 h associated with an increase in the expression level of small inducible cytokine A11 (SCYA11, previously known as eotaxin). The expression of this gene was promoted by EE after only 1 h and reached a maximum at 8 h. SCYA11 is the estrogen-regulated chemotatic factor responsible for recruiting eosinophils into the stroma of the pubertal and cycling uterus of the rat (Gouon-Evans and Pollard, 2001 ). Other genes upregulated by EE and whose products have a role in the recruitment of immune cells to the uterus are small inducible gene JE (SCYA2) or monocyte chemoattractant protein 1 (CCL2); small inducible cytokine A6 (CCL6); macrophage migration inhibitory factor (MIF); suppressor of cytokine signaling 1, 2, and 3 (SOCS1, 2, and 3); interleukin 4 receptor (IL4R); polymeric immunoglobulin receptor (PIGR); chemokine (C-X3-C motif) ligand 1 (CX3CL1); chemokine (C-X-C motif) receptor 4 (CXCR4), which encodes a CXC chemokine receptor specific for stromal cell-derived factor 1; chemokine (C-X-C motif) receptor 4 (CXCR4); chemokine orphan receptor 1 (CMKOR1); and IL1B, IL6ST, IL15, and IL18.
Estrogen exposure of immature or ovariectomized rodents elicits a synchronized wave of DNA synthesis and mitosis in the uterus, beginning between 12 and 24 h after treatment (Cheng et al., 1985; Clark and Mani, 1994; Kiss et al., 1987; Pollard et al., 1987) . This uterine response to estrogen involves a considerable increase in uterine weight, which in the case of EE exposure, peaked after 24 h (Fig. 1) , as well as a large exposure, peaks at 8 h, but remains elevated at 48 h. It has been postulated that at least some of the physiological effects of estrogen are mediated by locally produced IGF1 (revised by Moyano and Rotwein, 2004) . In humans, it has been determined that IGF1 is involved in the regulation of endometrial growth (O'Toole et al., 2005) , playing an important role in cell proliferation and differentiation. Further, the expression of one of its inhibitors, IGFBP3, is downregulated by EE exposure. In fact, in the mammalian uterus the growth stimulatory action of estradiol is associated with suppression of IGFBP3 expression (Hung and Pollak, 1995) . The biological functions of IGFBP3, aside from being the major binding protein for IGF1, are complex and remain poorly understood. However, IGFBP3 is known to inhibit cell proliferation by interfering with the interaction of IGF1 and its receptor and also modulates cell growth and survival independent of IGF, presumably via interactions with cellular proteins such as TGF-b receptor (Huang and Huang, 2005; Lee and Cohen, 2002) . In the mammalian uterus, IGF1-signaling pathways involve MAPK and phosphatidylinositol-3 kinase (PI-3 kinase) (Inoue et al., 2005) . As indicated (above) the MAPK pathway was regulated not only by EE exposure but also the PI-3 kinase pathway. The expression of PI-3 kinase, regulatory subunit, polypeptide 2 (PIK3R2) was downregulated by EE, showing a maximal downregulation at 8 h.
EE is a potent ER agonist, and it has been used as a chemical reference of the natural hormone estradiol in multiple studies. Thus, the gene expression changes described here provide the molecular foundation for understanding how other chemicals with estrogenic activity elicit a uterine response. The information we have gathered will be also useful to better define an assay to evaluate the potential estrogenicity of chemicals, based upon this specific mechanism of action (using specific gene expression changes as biomarkers of estrogenicity), as well as to refine the classical uterotrophic assay. The reliability of this assay can be increased by evaluating the uterine expression level of estrogen-responsive genes, such as the ones identified here.
Our data showed that exposure to a single dose of a potent ER agonist induces a full uterotrophic response within the first 24 h of exposure, but remains detectable until 96 h after estrogen exposure. The uterine phenotypic changes were induced by sequential changes in the transcriptional status of a large number of genes in a program that involves multiple molecular pathways. The earliest changes were in the expression of genes whose products are involved in transcriptional regulation and signal transduction, followed by genes implicated in protein synthesis, energy utilization, solute transport, cell proliferation and differentiation, tissue remodeling, and immunological responses, among other pathways. The compendium of genes here presented represents a comprehensive compilation of estrogen-responsive genes involved in the uterotrophic response.
SUPPLEMENTARY DATA
Affymetrix image files for the 70-chip hybridizations and the absolute analysis results of each time point group (available at ArrayExpress-EBI; accession no. E-MEXP-999); nucleotide sequences for primers used to verify the array-based gene expression changes induced by EE in the immature uterus of the rat by QRT-PCR (supplementary Table 1 ), the corresponding expression values (supplementary Table 10 ), the summary of the clustering of EE-responsive genes using the GO terms and KEGG pathways map (Table 2) , the representative uterine histology from equivalent regions of vehicle-treated control immature rats or animals treated with a single EE dose (10 lg/ kg/day) at different times (Fig. 2) , the Eisen diagram (or heat map) of the genes whose expression is modified at different times after a single EE exposure in the uterus of the prepubertal rat (Fig. 3) , and the temporal response of eight selected genes whose expression is significantly regulated by EE exposure (Fig. 4) as supplementary data are available online at http:// toxsci.oxfordjournals.org/.
